Lipid mediators of inflammation in neurological injury: shifting the balance toward resolution
Acquired neurological injuries initiate a pathological cascade of secondary injury processes, including inflammation, which continue for days to weeks following injury. Injury-induced neuroinflammation acts as a host defense mechanism contributing to the neutralization of the insult (removing offending factors) and restoring structure and function of the brain (establish homeostasis). The timing of these protective functions of the immune response is vital, since chronic inflammation has been associated with progressive cell loss and neurotoxicity (for review, see Faden and Loane, 2015) . The pathophysiology of traumatic brain injury (TBI) includes arachidonic acid derived lipid mediators driving inflammatory conditions that promote the activation of resident microglia and infiltration of neutrophils through the disrupted blood-brain barrier ( Figure  1A) . A separate sub-class of lipid mediators, termed specialized pro-resolving mediators (SPMs), functions to resolve inflammation ( Figure 1B) . Endogenous SPMs, notably those derived from omega-3 fatty acids, may represent a valuable target in shifting the balance of neuroinflammatory processes from inflammation-driving to inflammation-resolving conditions in the injured central nervous system (CNS). Enthusiasm for a therapeutic approach involving SPMs comes from the natural routes of administration, such as dietary supplementation of their metabolic precursors, exogenous SPMs, and adjunctive interventions focused on increasing the availability of SPMs after injury.
Biochemically, lipid mediators represent a diverse family of endogenous bioactive molecules enzymatically derived from fatty acid substrates. Prostaglandins, a family of extensively studied lipid mediators, are synthesized from arachidonic acid and are elevated after acquired neurological injury, such as TBI (Yang and Gao, 1999) . For years, the predominantly pro-inflammatory nature of prostaglandins contributed to the perspective that lipid mediators singly promote inflammation. Affirming this, administration of other arachidonic-acid derived families, such as leukotrienes, have shown pro-inflammatory effects after TBI, while their inhibition has shown improvement in outcome (Hartig et al., 2013) . In contrast, SPMs derived from docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), including families of resolvins and protectins, have demonstrated a role in the resolution of inflammation (for review, Recchiuti and Serhan, 2012) . Comprehensive mechanisms of action for SPMs have not been identified, but data indicate g-protein-coupled receptors on leukocytes bind SPMs to reduce infiltration and promote tissue regeneration (Recchiuti and Serhan, 2012) . While both prostaglandins and SPMs are lipid mediators, they are distinguished by their roles in promoting versus resolving inflammation, respectively (Hartig et al., 2013) . This broader perspective on lipid mediators has established a platform to further investigate the balance between pro-inflammatory and pro-resolving lipids in mediating the course of inflammation in the wake of acquired neurological injury, potentially through dietary supplementation or exogenous administration.
Dietary supplementation with metabolic precursors of SPMs has a potential for increasing the availability of SPMs and resolving inflammation after neurological injury. In the brain, fatty acid metabolic precursors of lipid mediators are incorporated into cell membranes (Figure 1) . A western diet is especially high in omega-6 fatty acids, such as arachidonic acid, which displace omega-3 fatty acids, such as DHA and EPA, in cell membranes (Bradbury, 2011) . In this situation, omega-6 derived lipid mediators, including prostaglandin E2 and leukotriene B4, may prolong inflammation and injury. With omega-3 supplementation, the balance of lipid mediator metabolic precursors can be restored or reversed by providing substrates for SPM production. Metabolic precursors of the inflammation-resolving SPMs, including DHA, have demonstrated potent anti-inflammatory effects in animal models of ischemic stroke (Belayev et al., 2009 ) and TBI (Wu et al., 2011) . In one study, rats were subjected to middle cerebral artery occlusion (MCAO) and subsequently treated intravenously with high (70 mg/kg), medium (16 or 35 mg/kg), or low (3.5 mg/kg) doses of DHA (Belayev et al., 2009) . The low and medium doses, but not high dose, of DHA resulted in significant tissue sparing in the peri-infarct region. Treated rats showed significantly better performance in neurological function up to 7 days following MCAO. Following experimental TBI in rats, DHA-enriched diet for 12 days preserved otherwise depleted brain derived neurotrophic factor (BDNF) and improved learning performance (Wu et al., 2011) . While the mechanisms of action of DHA in the wake of neurological injury remain widely unknown, its therapeutic potential is compelling.
Further support for the efficacy of dietary supplementation is demonstrated by the increased production of SPMs following supplementation after injury. After cellular insult, membrane fatty acids, including DHA, are released and become more readily available for metabolism into SPMs (Martin et al., 2000) . To test the endogenous production of SPMs, DHA was administered intravenously after the onset of ischemic stroke in the rat and brain levels of lipid metabolites were measured (Belayev et al., 2011) . Mass spectrometric analysis revealed that neuroprotectin D1 (NPD1) was biosynthesized in the peri-infarct region of DHA-treated rats. This study demonstrates that SPM synthesis in the brain can be enhanced through precursor supplementation, which lead to therapeutic efficacy on behavioral performance and histological outcome following neurological injury. While DHA is not a lipid mediator, investigations into its therapeutic effects in neurological injury suggest its effects may be attributable in part to the biosynthesis of SPMs.
In addition to dietary supplementation, administration of exogenous SPMs may improve outcome from neurological injury. Using different SPMs and models of neurological injury, two studies demonstrated therapeutic efficacy of exogenous SPMs. Following MCAO, rats were administered DHA, NPD1, or saline. Both DHA and NPD1 treatments independently reduced infarct volume and attenuated behavioral deficits measured by neurological assessment (Eady et al., 2012) . Next, our group tested the efficacy of aspirin-triggered resolvin D1 (AT-RvD1) and resolvin E1 (RvE1) on amelioration of functional deficits after diffuse TBI in mice (Harrison et al., 2015) . AT-RvD1, but not RvE1, treatment mitigated motor deficits in rotarod performance and cognitive deficits in the novel object recognition task. Together, these experimental data in stroke and TBI indicate a standalone role for SPMs as therapeutics for acquired neurological injury.
In light of the outlined therapeutic potential of SPMs through diet and direct administration, practical considerations in the therapeutic use of SPMs are warranted. Effective therapeutic strategies may include continuous prophylactic dietary supplementation of fatty acid precursors, direct administration of exogenous SPMs, or even physical medicine approaches to potentiate SPM production. These strategies are presented in order of patient accessibility, where direct SPM administration may require specialized knowledge, inventory, and administration by a healthcare professional. On the other hand, dietary omega-3 fatty acid supplementation is a tangible home healthcare strategy, but requires time for fatty acids to accumulate into cell membranes, particularly in the brain. Since acquired neurological injuries occur without warning, supplementation after injury may not be effective or practical. Populations at higher risk for stroke and TBI, such as athletes and soldiers, may benefit from continuous prophylactic supplementation with omega-3 fatty acids. Physical medicine approaches to potentiate endogenous production of SPMs have not been investigated, but could include approaches shown to be therapeutic after acquired neurological injury and secondary inflammation, such as remote ischemic conditioning (Joseph et al., 2015) . Complementary approaches directed to antagonism or depletion of inflammation-driving prostaglandins or leukotrienes may contribute to shifting the inflammatory balance toward resolution.
In conclusion, SPMs provide a cellular target for therapeutic approaches to limit secondary injury processes after acquired neurological injury. The potent anti-inflammatory properties of SPMs in peripheral diseases (see review: Recchiuti and Serhan, 2012) and the therapeutic efficacy of their fatty acid precursors in neurological disease provide a sound basis for further exploration of their neuroprotective efficacy in acquired neurological injury. Of particular value to the clinical problems of stroke and TBI are therapies which are rapid and accessible. The endogenous nature of SPMs makes them promising candidates for readily accessible therapies, which could shift the inflammatory balance toward resolution of cellular pathophysiology and limit the extent of injury. (A) Arachidonic acid (ARA) released from omega-6 rich membranes can be metabolized into inflammation driving mediators including prostaglandins (e.g., PGE2) and leukotrienes (e.g., LTA 4 , LTB 4 ). (B) Docosahexaenoic (DHA) and eicosapentaenoic acids (EPA) released from omega-3 rich membranes can be metabolized into inflammation resolving mediators including resolvins (e.g., RvD1, RvE1), neuroprotectins (NPD1), and their aspirin (ASA) triggered stereoisomers (e.g., AT-RvD1, AT-NPD1). AT-Rv: Aspirin-triggered resolving; LTA 4 : leukotriene A4; LTB 4 : leukotriene B4; NPD1: neuroprotectin D1; PGE 2 : prostaglandin E2; RvD1: resolvin D1; RvE1: resolvin E1.
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